Abstract.-The development of methods to reconstruct phylogenies from karyotypic data has lagged behind what has been achieved with molecular and morphological characters. This hampers our understanding of the role of chromosomal rearrangements in speciation, which depends on knowledge of the karyotypic relationships both among forms that have recently speciated and among forms within species that may speciate in the future. Here, we present a new approach to reconstruct chromosomal phylogenies. Our approach involves the use of networks, which we believe offer a flexible alternative to bifurcating phylogenetic trees for chromosomal phylogenetic analyses, and can incorporate a wide range of chromosomal mutations as well as allowing reticulate evolution through hybridization. In this paper, we apply our method at the within-species level to establish the phylogenetic history, in terms of minimum number of evolutionary steps, of chromosomal races within both the common shrew (Sorex araneus) and the house mouse (Mus musculus). There have been several previous attempts to reconstruct the phylogenies of chromosomal races within shrews and mice, but we describe the first computer-based analysis that considers the whole range of possible mutations generating new races (Robertsonian fusions and fissions and whole-arm reciprocal translocations [WARTs]) and other race-generating processes (zonal raciation events involving both acrocentric and recombinant peaks) postulated for these species. The analysis for common shrew chromosomal races reveals a greater importance of zonal raciation and WARTs than has been suggested hitherto.
There is much interest in the evolution of karyotype. The use of techniques to differentially stain chromosomes through chromosomal painting to whole-genome sequencing have provided an increasingly sophisticated picture of the way that chromosomes of extant species are pieced together by within-and between-element rearrangements. There is, for instance, a desire to reconstruct the ancestral chromosomal complement of mammals (Ferguson-Smith and Trifonov 2007) . Change in karyotype also occurs at a very much finer evolutionary scale, within individuals, in the development of cancer (Nowell 1976) . Clearly, to study karyotypic evolution in these and other situations, there is a need for robust procedures to reconstruct chromosomal phylogenies. However, there has been a remarkable lack of method development in this area provide a notable exception). This is in stark contrast to what has been achieved with morphological and molecular data. In this paper, we describe a new method of phylogeny reconstruction that we relate to one aspect of karyotypic evolution: the accumulation of chromosomal rearrangements during species formation.
Karyotypic evolution is highly evident at the species level; there are numerous instances of closely related species that differ in chromosome complement and where karyotype is one of the most easily scored and reliable features to make the species diagnosis. Given this tendency for closely related species to differ in karyotype, it is not surprising that there have been advocates of a key role for chromosomal rearrangements in the process of species formation (White 1978; Baker and Bickham 1986; King 1993; Rieseberg 2001) . In order to evaluate this possibility, comparisons need to be made both among forms that have recently speciated and among chromosomally distinct forms within species that may potentially speciate in the future, that is, "chromosomal races." Within mammals, on which we focus, there are well-documented examples of species complexes whose species are most clearly separated on chromosomal grounds, such as the Rhogeessa tumida and Spalax ehrenbergi groups, and other cases of individual species that are subdivided into chromosomal races, such as Ellobius tancrei and Nannomys minutoides (Lyapunova et al. 1980; Baker and Bickham 1986; Nevo et al. 2001; Veyrunes et al. 2004; Baird et al. 2009 ). Although such systems potentially have much to say on the role of chromosomes in speciation, the karyotypic relationships among the different forms have not always been easy to determine. The new method to reconstruct chromosomal phylogenies that we describe in this paper is therefore used in one of these situations: chromosomal races within species. The 2 species that we study here are both spectacularly endowed with chromosomal races: the common shrew (Sorex araneus; Soricomorpha), with 72 known chromosomal races (Zima et al. 1996; Wójcik et al. 2003; Fredga 2007; Orlov et al. 2007) , and the house mouse (Mus musculus; Rodentia), with 97 chromosomal "populations" (Piálek et al. 2005 : a somewhat larger number than the classically defined "races" of house mouse as considered, e.g., by Nachman and Searle 1995).
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The chromosomal races in the common shrew and house mouse have apparently formed very recently and most studies have shown no signal of molecular diversification (Wójcik et al. 2003; Piálek et al. 2005) . So, in a situation like this, there is limited scope to build phylogenies based on molecular data and map karyotypes onto these. Like others before us, we therefore had to develop a methodology to reconstruct phylogenies based on the karyotypes themselves. Indeed, having developed this method creates opportunities in the other direction. Phylogenetic methods such as the one outlined here, which generate hypotheses about evolutionary relationships, can be a productive way to focus the efforts of molecular studies (Baird et al. 2008 (Baird et al. , 2009 .
In both the common shrew and the house mouse, the ancestral condition consists of acrocentric (single armed) chromosomes (see Methods section), and in the evolution of chromosomal races, there has been an accumulation of a great variety of metacentric (biarmed) chromosomes by Robertsonian (Rb) fusions and wholearm reciprocal translocations (WARTs; Wójcik et al. 2002; Piálek et al. 2005 ). An Rb fusion is the fusion of a pair of acrocentrics at their centromeres to form a metacentric, whereas a WART is the swapping of arms between 2 metacentrics (Type A) or between a metacentric and an acrocentric (Type B).
There have been many previous attempts to reconstruct chromosomal phylogenies of the races in common shrews and house mice. At its simplest, shared metacentrics have been noted by eye and used to define relationships (e.g., Polyakov et al. 2001) . Another approach has been to generate phylogenetic trees by computer-based parsimony analysis with differing sets of allowable chromosomal rearrangements: only Rb fusions (e.g., Ivanitskaya 1994); both Rb fusions and the reverse process of Rb fission (e.g., Larson et al. 1984; Searle and Wójcik 1998); and Rb fusions, fissions, and WARTs (Britton-Davidian et al. 2005) . Other researchers have noted that chromosomal races may share metacentrics as a result of hybridization, and they have taken this into account in the generation of hand-constructed phylogenies (Searle 1984; Corti et al. 1986; Hauffe and Piálek 1997; Piálek et al. 2005) .
We argue that both the computer-based approach to generate parsimony trees and the hand-drawn phylogenies to take into account hybridization have serious disadvantages in examining karyotypic relationships among chromosomal races of the house mouse and common shrew. Dobigny et al. (2004) provide the best justified of these computer-based methodologies for parsimony trees. They use chromosomal change as a character and its presence/absence as the character state. When applied to the chromosomal races of the common shrew and house mouse, Rb fusion of 2 acrocentric chromosomes to form a metacentric chromosome is regarded as an independent event, in the same way as a single base in a gene may mutate from one nucleotide to another without affecting other bases in the genome. We believe that Rb fusions can never be independent in this way. When 2 acrocentrics are fused, these chromosomes are removed from the pool of acrocentrics available to form new metacentrics.
Production of a bifurcating tree by computer-based parsimony analysis also fails to take into account hybridization events. Although hand-drawn phylogenies do that, they are problematic in other ways. They need to be restricted to small geographical areas in order to keep a manageable range of alternative scenarios, which may create artificial geographical limits.
In this paper, we use a network approach to reconstruct the phylogenetic history of chromosomal races of the common shrew and the house mouse. Networks are a powerful tool in examining relationships based on molecular sequences and have been applied particularly at a within-species level, for example, in phylogeographic studies of humans based on mitochondrial DNA sequences (Bandelt et al. 1995) . Networks are particularly appropriate where multifurcations are expected (i.e., multiple forms arising from the same common ancestor) and where the ancestral type is still present in the system (Posada and Crandall 2001) . Networks are also ideally suited to relationships that involve past hybridizations, of relevance for both within-and between-species comparisons.
We have generated a computer program to implement our new method. A framework was developed of allowable mutations and hybridization events, their weighting and the geographical scale at which they operate. Although we selected certain parameters on grounds that we will justify, the approach we have taken is extremely flexible and can be adapted to suit other scenarios within the mouse and shrew systems and, indeed, other systems of karyotypic variation. As with the phylogenetic trees, we are aiming to uncover the most parsimonious relationships. In essence, we have generated a sophisticated version of the Camin and Sokal (1965) method adopted by Searle (1984) in the first quantitative assessment of relationships of metacentric races (in the common shrew) in that we select relationships that minimize the number of evolutionary steps. Although the outcomes generated may not be the true relationship of chromosomal races in that evolution does not necessarily work in the smallest number of steps, they are null hypotheses against which more complicated scenarios need to be justified.
The chromosomal races of common shrews form the main system examined in this paper and are considered at both a range-wide and more local scale. This study therefore can be compared with the most recent parsimony tree for all such races produced by Searle and Wójcik (1998) . For the house mouse, the network approach is compared with the computer-based phylogenetic tree of 6 chromosomal races on Madeira generated by Britton-Davidian et al. (2005) . The account presented here concentrates on methodological aspects of reconstructing chromosomal phylogenies. Future papers will address the evolutionary and biogeographical implications of our findings with networks. 
METHODS

The System
In the description of the karyotype of the common shrew, each substantial chromosomal arm is denoted by an italicized lowercase letter of the alphabet with a the largest (Searle et al. 1991) . The sex chromosome system in the common shrew is unusual: XY 1 Y 2 in males (de, s, d in terms of chromosomal arms) and XX in females (de, de) . These multiple sex chromosomes are also found in 8 related species (Zima et al. 1998; Wójcik et al. 2002) . With regard to the autosomal complement, the common shrew is extraordinarily variable (Wójcik et al. 2002) . Although 3 pairs of metacentric autosomes af, bc, and tu are invariant, all other autosomal arms g-r may occur as acrocentrics and/or combined together as different metacentrics.
In terms of characterizing chromosomal races, each race is defined as "a group of geographically contiguous or recently separated populations which share the same set of metacentrics and acrocentrics by descent" (Hausser et al. 1994; Zima et al. 1996) . The races so far described in the common shrew (Zima et al. 1996; Wójcik et al. 2003; Fredga 2007; Orlov et al. 2007 ) are listed in Appendix Table 1 and mapped in Figure 1 . In every case, there is a "type site," where the race was first described.
Of the variable autosomal arms, jand l are found fused together in all known chromosomal races of the common shrew. However, this metacentric jl tends not to be fully fixed, such that within races, there is a low-level polymorphism for the acrocentrics j and l (Appendix Table 1 ; Searle and Wójcik 1998) . Other metacentrics that characterize chromosomal races have presumably been accumulated subsequent to the near fixation of jl and are themselves in a fixed or polymorphic state (Appendix Table 1 ). Two races do not have any such metacentrics, that is, they have chromosomes g − i, k, and m − r present as acrocentrics. These are the Cordon and Pelister races (Appendix Table 1 ), which may be considered to have a karyotype ancestral to all other races of the common shrew. These races occur in the periphery of the species range (Wójcik et al. 2003) , as might be expected for "relict" ancestral forms. There are further grounds for considering the acrocentric condition to be ancestral in S. araneus. In his evolutionary scheme based on karyotypes of all species of the S. araneus complex, Volobouev (1989) shows that the karyotype of S. araneus is most reasonably derived from the fully acrocentric karyotype of S. granarius (see also Searle 1988 and Volobouev and Catzeflis 1989) . Also, the species which, on molecular grounds, is the closest extant relative to the whole S. araneus complex (i.e., S. samniticus) also has a fully acrocentric karyotype (Dannelid 1994; Fumagalli et al. 1999) .
As the ancestral state in the common shrew was most likely acrocentric, and there are now many races with metacentric chromosomes, it appears that Rb fusion has been prevalent in generating new metacentric forms in S. araneus sensu stricto as well as in the wider S. araneus species complex. The reverse process of Rb fission is thought not to occur in the house mouse due to the difficulties in recovering telomeric and centromeric DNA lost during previous fusion (Garagna et al. 1995) . However, there are reasons for suggesting that Rb fissions could be involved in the evolution of chromosomal races of S. araneus. A heterozygote for a Rb fission has been described in S. coronatus (Olert 1973) , and Rb fissions have been inferred in another situation in S. araneus, that is, to form the "acrocentric peaks" observed in many hybrid zones (see below; Wójcik et al. 2002) . With regard to the other chromosomal mutations, Type A WARTs (e.g., ab, cd to ac, bd) have been demonstrated in common shrews (Pavlova et al. 2008) , whereas Type B WARTs (e.g., ab, c to ac, b) have been demonstrated in house mice (Adolph 1984) .
When a new metacentric arises within a population, it will occur in a heterozygous state. Rather than forming bivalents, those autosomes involved in the heterozygosity will form trivalents or quadrivalents at meiosis I, having a greater tendency to show pairing abnormalities and nondisjunction (Searle 1993) . There is an expectation therefore that there will be greater infertility (and therefore unfitness) in chromosomal heterozygotes of the common shrew than in homozygotes. The spread of novel mutations through a population therefore requires explanation. Mechanisms suggested include genetic drift, an advantage to the chromosomal variant and meiotic drive (Searle and Wójcik 1998) .
Related to the unfitness of heterozygote forms, another mechanism generating karyotypic diversity is "zonal raciation" (Searle 1993) . When 2 chromosomal races meet, a hybrid zone is formed. If the races only differ by a single Rb mutation or by a WART, then heterozygotes that form meiotic trivalents or quadrivalents will be produced on hybridization. However, more substantial chromosomal differences may lead to hybrids that form multiple heterozygous configurations and/or long heterozygous configurations at meiosis. Hybrids display long meiotic configurations if the races differ by metacentrics with monobrachial homology, that is, if through Rb fusions and/or WARTs, the same autosomal arms are found in different metacentrics in the 2 races. Where there are hybrids with several heterozygous meiotic configurations and/or long configurations, natural selection may promote modification of the hybrid zone (Bengtsson and Frykman 1990; Searle 1993) . The longer the meiotic configuration expected in hybrids and the more such configurations, the greater the expected unfitness resulting from pairing abnormalities and nondisjunction (Searle 1993) . In association with this, individuals with either acrocentric or recombinant karyotypes may be favored within the zone leading to "acrocentric peaks" or "recombinant peaks," that is, peaks of abundance of such individuals. The acrocentrics may arise through Rb fission of one or more race-specific metacentrics and the formation of the acrocentric peak reduces the frequency of low-fitness hybrids with long meiotic configurations (Fig. 2) . The recombinant peak may form as long as F 1 hybrids produce at least 2 heterozygous configurations at prophase I of meiosis ( Fig. 2) and is expected because of selection against such hybrids. The increase in frequency of recombinants causes a reduction in the frequency of these low-fitness hybrids.
If individuals characterized by acrocentric or recombinant karyotypes become sufficiently dominant within an area, a new race will be formed. This process is termed zonal raciation (Searle 1993) .
Global Networks for Common Shrew Chromosomal Races
In this paper, we use a network approach to reconstruct the phylogeny of all known chromosomal races of the common shrew. All the following steps in the production of these networks were performed using a Perl program and are summarized in Figure 3 . First, a graph was created in which vertices represent observed or hypothetical metacentric races and edges represent mutation steps between these races. All the possible combinations of those metacentrics observed in a particular system were enumerated. For example, if metacentrics ab, cd, and bc were observed in a system, the possible combinations (not necessarily observed) would be 1: a, b, c, d; 2: ab, c, d; 3: a, bc, d; 4: a, b, cd; and 5: ab, cd. Next, pairs of these combinations (which comprise real and hypothetical races) were examined. If one race of a pair could be reached from the other by one of the allowable evolutionary steps, then these 2 races were joined by an edge, which was given a path cost of one. Otherwise, these races remained unconnected. In our basic model, the only allowable steps were Rb fusions/fissions of single metacentrics and Type A and B WARTs.
This graph was used to find the minimum number of evolutionary steps separating each pair of observed races, which was recorded in a karyotypic distance matrix. To test the relationship between geographic distance and the evolution of chromosomal races, a geographic distance matrix was constructed using the pairwise great circle distance between type sites. The strength of the relationship between this matrix and the karyotypic distance matrix was tested using a Mantel test, implemented in R using the package "ade4."
In this study, we also considered the process of zonal raciation. The potential for zonal raciation was examined by taking each race in turn and comparing it with all the other races using a Perl program. The metacentrics of each race were split into "core" metacentrics, "free" metacentrics, and metacentrics sharing monobrachial homology. The core metacentrics were those metacentrics that were shared between the 2 races (therefore providing no possibility of generating novel combinations). The free metacentrics were those where 2 chromosomal arms were metacentric in one race and acrocentric in the other. All combinations of presence/absence of each free metacentric were enumerated and these combinations were added to the core 266 SYSTEMATIC BIOLOGY VOL. 59 FIGURE 2. Example with hypothetical chromosomes a-d as identified through G-banding and size, showing how novel homozygous karyotypes may be generated in hybrid zones. In Example a, where there are 2+ meiotic configurations of 3+ chromosomes in F1 hybrids, recombinant homozygotes are produced in the hybrid zone and may be selected for (Searle, 1993) , forming a "recombinant peak." In Example b, F1 hybrids would produce a meiotic configuration of more than 3 chromosomes. With the occurrence of an Rb fission, a novel homozygous form with a more acrocentric karyotype is produced in the hybrid zone and may be selected for (Searle, 1993) , forming an "acrocentric peak." If hybridization between this novel acrocentric form and one of the parental forms produces hybrids with 2+ meiotic configurations of 3+ chromosomes, then new recombinant homozygotes may also be produced. For both a and b, if any of the new homozygous products become sufficiently dominant in an area to be considered a new race, the process whereby these forms are generated in hybrid zones is known as "zonal raciation." metacentrics of each parent race to generate a potentially novel karyotype. Where races had metacentrics displaying monobrachial homology, consideration was made of the meiotic chain or ring configurations that would be created in hybrids between the races. For example, on contact of a race with the metacentrics ab, cd, ef, gh and a race with metacentrics bc, fg and acrocentrics a,d,e,h, 2 meiotic chain-of-five configurations would be expected in hybrids. In the computer program, the nature of the chain configurations that would be generated in hybrids was studied by an iterative process, simulating production of the meiotic chain. Metacentrics were added to the chain one at a time, first from one race and then another. The growth of the chain was stopped when the remaining metacentrics did not share monobrachial homology with any of the metacentrics in the chain, and then a new chain was started. For the above example, the first chain would therefore have been a-ab-bc-cd-d and the second e-ef-fg-gh-h. Independent segregation of configurations could then occur to generate the novel metacentric combinations ab, cd, fg and bc, ef, gh. These new combinations were then added to the core metacentrics, and any remaining free metacentrics were dealt with as before. Where the last arm in a chain from one race matched the first arm in the chain from the other race, for example, ab, cd, ef from Race 1 and af, bc, de from Race 2, formation of a meiotic ring was simulated. For the above type of zonal raciation, rings were treated exactly in the same way as chains.
We also considered the possibility of zonal raciation from acrocentric peaks. Where parental races had metacentrics displaying monobrachial homology, one or more of the metacentrics involved was allowed to undergo Rb fission to generate a novel karyotype. This was permitted in situations where a meiotic chain configuration was expected in hybrids between the 2 races. Under those circumstances, it would be expected that selection would favor the fission product, generating the acrocentric peak. However, where hybrids would be expected to form a meiotic ring configuration, Rb fission was not allowed, as such a fission would not be favored because it would lead to a less fit hybrid with a meiotic chain configuration (Searle 1993) .
Each of the potential novel karyotypes generated by zonal raciation was compared against all the observed karyotypes (Appendix Table 1 ). When a match was found, the geographic distance between the parental races was recorded along with the distance between the potential daughter race and each parental race. A geographic constraint was added so that we only considered zonal raciation events where the greatest distance between the races involved (i.e., max(distance from Parent 1 to Parent 2, distance from Parent 1 to daughter, distance from Parent 2 to daughter)) was less than a specified threshold distance (see below).
Given the relative unfitness of chromosomal heterozygotes to homozygotes, we expect selection against Rb fusion, Rb fission, and WART mutations when they first arise. Therefore, we tried to minimize evolutionary steps of this type in our model of chromosomal evolution. Conversely, zonal raciation is not expected to carry any cost, as the novel homozygous karyotypes are selectively favored within the hybrid zone. Where a race could have been generated by either a zonal raciation event or a mutation event (Rb fission/Rb fusion/WART), we therefore considered the zonal raciation event to be more parsimonious.
We considered that the ancestral form of the common shrew was acrocentric, that is, the Cordon and Pelister races (see above). To construct our networks, we therefore used an approach that took advantage of this directionality. A new algorithm was devised and implemented in a Perl program to reconstruct the phylogeny of the chromosomal races. The ancestral races Cordon and Pelister were placed in an array of current races. The algorithm then cycled through the other races and found the race that was geographically closest to the current races and was separated by one evolutionary step from the current races, using the graph described above. This race was then added to the current races. Whenever a race was added to the current races, the algorithm then ran through a list of possible zonal raciation events and added any races that could be generated (without evolutionary steps) from the current races. Then, when no more races could be added by zonal raciation, the algorithm returned to adding the next race by a Rb fusion, Rb fission, or WART. If no races could be found within one evolutionary step, the limit was increased by one, so that those within 2 steps were added. Again, we added a distance constraint (see below). Evolution in one step was only allowed between races separated by less than the threshold distance, and zonal raciation events could only occur when the maximum distance between the 3 races involved was less than the threshold. For 2 and 3 steps, this distance constraint was 2 or 3 times the one-step threshold distance.
Where 2 or more evolutionary steps were suggested, novel intermediate races were generated. From the race to be added, karyotypic neighbors were found. Neighbors of these neighbors were then found and this process continued until a race in the list of current races was reached. The karyotypes that were present on any shortest path between a current race and the race to be added were retained. These intermediate races were also assigned geographic locations, for example, sited at the midpoint between the current race and the race to be added for 2-step events or in the case of 3-step events, sited one-third or two-thirds of the way along a transect between the current race and the race to be added. Once intermediate races were added, they were treated exactly the same as observed races (i.e., they could generate new races by Rb fusion/Rb fission/WART or act as parental races in zonal raciation events). The only difference was that once an intermediate was used as a parent, other possible intermediates at the same geographic location were erased, as in this case we have greater belief in the existence of the branching intermediate than for the other alternatives.
In the initial creation of the network, some potential zonal raciation events may have been missed, as the necessary parental races may have been added after the daughter race. Therefore, we conducted a second pass through the initial network. We again ran through the list of potential zonal raciation events. If the event was already in the network, we ignored it. We also ignored the event if adding it would create an impossible outcome (i.e., if it would lead to a cycle in the network, implying circular inheritance). Otherwise, if the daughter race was currently the product of a mutation step or the product of a longer zonal raciation event, we erased the current connections between the daughter and its parental races and added in the new connections. This either saved evolutionary steps or resulted in hybridization/zonal raciation events between geographically closer races. This process was iterated until no new or shorter zonal raciation events were suggested.
This approach should result in the most evolutionarily and geographically parsimonious network. In cases with a trade-off between evolutionary steps and geographic distance, we favored reducing the number of evolutionary steps at the expense of increasing the geographic distances involved.
The threshold distances we tried were 500, 1000, 1500, and 2000 km. These threshold distances were chosen as the vast majority of races that could be linked by one or 2 evolutionary steps were separated by less than 2000 km (data not shown), suggesting that long-distance movement of races was not common. We considered that a good model of chromosomal evolution would not hypothesize many long-distance movements of races and also would not hypothesize many unobserved intermediate races. Using these 2 criteria, we attempted to judge objectively which of these 4 threshold distances was best for our model.
Some races, such as Ulm and Carlit, have the same karyotype but appear to be geographically separated. These were dealt with differently to the other races. Here, the threshold distance was used objectively to discriminate between such races into those having a single origin and those resulting from homoplasy. Each time a new race was added to the network, a check was performed to determine whether any other races had the same karyotype as this race. If they did, and were separated geographically by less than the threshold distance, they were added to the network without additional cost. It was therefore assumed that these races should be treated as a single entity, that is, that they 2010 WHITE ET AL.-A NETWORK APPROACH TO STUDY KARYOTYPIC EVOLUTION 269 have a single origin but were subsequently split into several geographically discrete units.
It should be noted that because jl is found in all races and shows low-level sporadic polymorphism, it does not provide any sort of phylogenetic signal (Appendix Table 1 ). Therefore, we did not use jl when constructing networks for the common shrew.
Local Networks for Shrews and Mice
Along with global networks, in which we reconstructed the phylogeny of all the observed chromosomal races of the common shrew, we also considered a geographically restricted subnetwork. Again, we attempted to be geographically objective by using a well-defined geographic area: Britain. In particular, we created a network for the British races (Aberdeen, Chysauster, Hermitage, Oxford, Wirral, and Wrentham) under 3 scenarios with different starting races. In Scenario 1, we assumed that the diversity in Britain arose from just the Ulm race, that is, the chromosomal diversity observed in Britain arose in situ. In Scenario 2, Laska and Rügen were taken as the starting races, that is, kq and ko metacentrics arose prior to the colonization of Britain. In Scenario 3, Aberdeen, Oxford, and Ulm were taken as starting races, that is, all the metacentrics observed in Britain arose elsewhere.
We also tested our method against a previously published chromosomal phylogeny of chromosomal races of the house mouse on Madeira (Britton-Davidian et al. 2005) . These races are listed in Appendix Table 2 , along with their karyotypes and approximate geographic locations. In the house mouse, chromosomal arms are numbered 1-19, with 1 being the largest. Britton-Davidian et al. (2005) followed Dobigny et al. (2004) in regarding a chromosomal change as a character and its presence/absence as the character state. In their model, WARTs were included by using step matrices. Pairs or triplets of metacentrics with one arm in common were grouped into multistate characters and allowed to derive from one another. Using this method, Britton-Davidian et al. (2005) found the most parsimonious tree linking all the Madeiran races required 21 mutation steps. However, they did not consider zonal raciation as a mechanism of generating new races.
Like Britton-Davidian et al., we assumed the ancestral condition to be fully acrocentric (40ST), as this form is predominant in the range of the house mouse subspecies studied (M. musculus domesticus; Piálek et al. 2005) and it is also universal in all other subspecies of house mouse and all other species of the subgenus Mus (Boursot et al. 1993) .
RESULTS
Global Network for Shrew Chromosomal Races
When Rb fusions, Rb fissions, and WARTs were allowed, a maximum of 5 evolutionary steps was required to transform one observed karyotype into another. There was a weak but significant correlation between chromosomal distance and the geographic distance between type sites (Mantel test with 10,000 permutations: r = 0.221, P < 0.001). The networks based on the different threshold distances are compared in Table 1 . As one would expect, increasing the threshold distance reduces the number of evolutionary steps required, as direct connections can be made between distant karyotypes. The networks created under threshold distances of 1500 and 2000 km give similar outcomes. However, when this threshold is reduced to 1000 or 500 km, the number of intermediate races required rises sharply. The distance of 1500 km is therefore objectively the best among those tested (see Methods section), as this is the shortest threshold that does not markedly affect the number of intermediates required. This network is shown in Figure 4 and will be considered in greater detail.
Within this network, there are 10 Rb fusions, 3 Rb fissions, 36 WARTs (29 of Type A and 7 of Type B), and 21 zonal raciation events. Where there were multiple alternative routes between 2 races, the contribution to this total was the number of steps along one of the routes, for example, for the connection between Goldap to Popielno, this was counted as being 2 events in total, one a fusion and the other a WART.
Eight races were generated without mutation as they had the same karyotype as another race in the network and were separated by less than the threshold distance. These pairs of races were Arendal-Aberdeen, NogatBobruysk, Mooswald-Bretolet, Vaud-Jura, MologaPenza, and Oxford-Sjaelland, whereas bothÖland and Hermitage could be generated without mutation once Laska appeared in the network. Hence, at this threshold distance, a monophyletic origin for these karyotypes is suggested. Three races (Carlit, Kiev, and Jutland) initially entered the network in this way, but after the second pass (Fig. 3) , it was found that generation of these races by zonal raciation reduced the total geographic distance of the network. Hence, at this threshold, it is suggested that the Ulm versus Carlit, (Laska-Öland-Hermitage) versus Kiev, and Wrentham versus Jutland races share the same karyotype due to homoplasy. Although zonal raciation occurs throughout the network, not surprisingly Rb fusions tend to be more concentrated near the ancestral races, whereas WARTs and Rb fissions tend to occur in more peripheral locations in the network. Rb fusions can only occur where there are acrocentrics and WARTs and Rb fissions can only occur where there are metacentrics.
Although there is little structure in the network, races from the same geographical area tend to group together. Closest to the ancestral acrocentric condition are central and eastern European, Alpine, British, and Scandinavian races. There are clear linkages between the British and Scandinavian (Danish, Norwegian, and Swedish) races, with Aberdeen and Arendal having the same metacentrics, likewise Oxford and Sjaelland, Wrentham and Jutland, and Hermitage andÖland, and other British and Scandinavian races with a close association, for example, Wirral, Chysauster,Åkarp, Hällefors, Bergen. The races from Finland are generally elsewhere in the network. For many of the Finnish races, a hybrid origin is suggested, bringing together metacentrics from Scandinavia with those from eastern Europe (Russia). Abisko is generated by zonal raciation from Hattsjo and Kanin and Savukoski by zonal raciation from Ammarnas and Yagry. These geographical links are further highlighted with the Finnish race Lemi originating via a WART from Pskov. There are many linkages between central and eastern European races within the network. The races from the Ural Mountains and Siberia form 2 distinct lineages in the network both deriving from the European Russian Manturovo race. The Ural races (Sok, Yuruzan, and Serov) are related to each other by WARTs and through the Novosibirsk race extend into Siberia. The Siberian Tomsk, Altai, Yermakovskoie, Ilga, Strelka, and Baikal races are apparently derived by all types of mutation as well as zonal raciation. In relation to the Manturovo race, it can be viewed as a hub within the network, with 4 derivative races all arising by WARTs. It is not only ancestral to the Ural and Siberian races but also generates other European Russian races that are themselves ancestral to races in Finland.
Local Networks for Shrews and Mice
In addition to the global network, we also constructed a local network to consider in more detail the evolution of chromosomal races of common shrew in Britain (Table 2) . Starting with the Aberdeen, Oxford, and Ulm races allows all the observed karyotypes to be generated by zonal raciation and no evolutionary steps are required (Fig. 5) , unlike other alternatives (Table 2) .
We also compared our method with the previously published results of Britton-Davidian et al. (2005) , who constructed a chromosomal phylogeny of races of house mice on Madeira. In our model without zonal raciation, we recovered a network with 21 evolutionary steps. This was exactly as found by Britton-Davidian et al. in their most parsimonious trees. In our network, there were 9 WARTs (all Type B) and 12 fusions. BrittonDavidian et al. found that their most parsimonious trees FIGURE 5. A localized directional network for the British chromosomal races of common shrew. This model assumes that the starting races for the British radiation were Oxford, Aberdeen, and Ulm. All connections between races indicate zonal raciation events.
had either 5 or 9 WARTs and 12 or 16 fusions, with all the WART events being of Type B. When we included zonal raciation in the network, the number of evolutionary steps could be further reduced to 20 (Fig. 6 ). This is because we have reduced the homoplasy. Whereas Britton-Davidian et al. have 15.18 arising twice by mutation, in our network 15.18 is transmitted between 2 lineages by recombination.
DISCUSSION
In this paper, we present a new method to reconstruct chromosomal phylogenies based on networks. Networks have been found to provide a valuable perspective on molecular evolution (Posada and Crandall 2001) and in many situations may be preferable to phylogenetic trees (Legendre and Makarenkov 2002) . We argue that the same is true for chromosomal phylogenies. We developed a specific network program appropriate to the pattern of karyotypic evolution that we were studying.
The phylogenetic history of all 72 chromosomal races of the common shrew was examined using our new approach. We considered that a network would be appropriate given that events in hybrid zones may be particularly important in this species. Both acrocentric and recombinant peaks have been demonstrated in common shrews (Searle 1986; Fedyk et al. 1991; Hatfield et al. 1992; Fedyk 1995; Szałaj et al. 1995) , and races with a hybrid origin have been suggested, for example, the Abisko race at the point of contact of races colonizing Fennoscandia from the south and east (Searle 1984) and the Wirral race, in Britain, with characteristics of both the Oxford and Aberdeen groups of races (Searle 1988) . It has been argued that races such as these have arisen in hybrid zones and thereafter have been able to expand their range, a process that has been termed zonal raciation (Searle 1993) . Zonal raciation has also been proposed in relation to karyotypic variation in our second model system, the house mouse (Piálek et al. 2005) .
As well as allowing races to be formed by hybridization, our method has advantages over previous approaches in that it is geographically explicit. All race type sites have a latitude and longitude, and the probability of one race being able to generate another, via Rb fusion, Rb fission, WARTs, or zonal raciation, is related to the geographic distance separating the 2 races. This is realistic in that, in general, geographically close races also tend to have similar karyotypes. When we correlate chromosomal distance (the number of Rb fusions, Rb fissions, or WART events required to transform one race into another) against geographic distance, we find significant isolation by distance. To obtain isolation by distance implies that a substantial component of the evolution of these races has been by mutation from neighboring races and that races have remained in approximately the same geographic location since they evolved. However, some races such as Baikal and Nogat share the same karyotype but are separated by a large geographic distance. We believe that relationships of this type represent homoplasy rather than a true phylogenetic relationship, and so connections between races of this type should be disregarded. The use of type sites to determine the geographic position of a race is not ideal, however. The type site may not be in the center of the geographic range of the race, and races differ in their geographic range. A type site may be a good measure of location for a locally distributed race, but not so good for a race with a large geographic range. Nevertheless, given the significant isolation by distance we observed, it is appropriate to introduce a geographic constraint to the model, and as the type site is known for every race, this appears to be the least biased way to assign geographic location. However, the introduction of a threshold distance beyond which 2 races cannot be connected has the danger of being arbitrary. For this reason, we tested 4 different threshold distances. Below a threshold distance of 1500 km, the number of required intermediate races rises sharply. We wish to hypothesize as few intermediate races as possible, given that they have not actually been observed. Therefore, we chose 1500 km as the best threshold distance as this was the shortest distance tried that did not require large numbers of intermediate races to be specified.
This approach is ad hoc, but until there are new data that can relate the optimal threshold distance to some biological characteristic, such as dispersal distance, it would appear to be the best way to introduce a geographical constraint. However, in some cases, defining a threshold distance may not be necessary. For example, on Madeira, all the observed chromosomal races have different karyotypes, and in general, the house mouse appears to have fewer instances than the common shrew of geographically well-separated races having the same karyotype.
In addition, more detailed molecular analysis may in future be able to resolve whether 2 races with the same karyotype have a single origin (e.g., following the approach of Riginos and Nachman 1999) or whether they represent homoplasy. If this were the case, defining a threshold distance would be unnecessary as these races could be merged or kept separate as appropriate.
In using a threshold geographic distance when considering events in the karyotypic evolution of the common shrew, we are ignoring other aspects of geography such as sea barriers. For example, for the threshold distance of 1500 km, our analysis suggested that the Bergen race arose by mutation (a WART) from the Chysauster race. At present, these races are separated by the North Sea. This event may be plausible if we consider that Doggerland (Gaffney et al. 2007 ) and a land bridge between Denmark and Sweden (Björck 1995) may have presented a more direct route between the 2 races during the postglacial period of recolonization. It may also be the case that many of the races currently found in Britain and Scandinavia actually arose in continental Europe, which again would make the connection between Chysauster and Bergen more likely. However, our finding of isolation by distance implies that longdistance movement of races does not tend to occur very frequently. Therefore, it seemed appropriate in some cases to limit the potential ancestry of localized groups of races. For the chromosomal races of common shrew in Britain, several different scenarios were tested, with different races providing the starting variation. One scenario, where Aberdeen, Oxford, and Ulm were already present, produced a network requiring no evolutionary steps at all. The observed diversity could be generated entirely by zonal raciation. Locally parsimonious networks may not be globally parsimonious. To generate the starting races first may have required more evolutionary steps than suggested in our global model. However, the threshold distance applied to our model was set to minimize the number of intermediate races postulated on a global scale. When the threshold distance was reduced to 1000 km, many more intermediate races were suggested. This was largely due to the situation in Siberia, where relatively few chromosomal races have been described over a wide geographic area. For Britain, where the density of described races is much higher, the threshold distance may be reduced without requiring more intermediates. Local networks such as this highlight the utility of our model for testing specific hypotheses about chromosomal evolution. More generally, this consideration of smaller geographic units highlights the importance of deciding which races to treat as ancestral because different ancestral races can yield very different results. In general, ancestral races may be defined through comparison of karyotypes with those found in related species, and various molecular data may also be able to help in the determination.
In relation to the global network, the results that we got compare strikingly with previous attempts to reconstruct the chromosomal phylogeny of all the races of the common shrew (Ivanitskaya 1994; Searle and Wójcik 1998) . These earlier analyses were based purely on Rb rearrangements and used a phylogenetic tree approach. However, in our network analysis, we show how the number of evolutionary steps can be minimized involving both WARTs and zonal raciation. When we followed the same approach as Searle and Wójcik (1998) on the updated set of chromosomal races, this resulted in a parsimony tree with 97 evolutionary steps compared with 49 steps for the network in Figure 4 .
In a further comparison, we also applied our model to the 6 chromosomal races of the house mouse found on Madeira, which have previously been considered by Britton-Davidian et al. (2005) . However, their model did not include zonal raciation. In our basic model, where zonal raciation was not allowed, we recovered a network with 21 evolutionary steps, which is the length of the most parsimonious tree found by Britton-Davidian et al. However, when we included zonal raciation, this could be reduced still further to 20 evolutionary steps. This test case shows that our model is not only capable of replicating previous results but can also improve on earlier models (in terms of reducing number of evolutionary steps) with the inclusion of zonal raciation. In this case, the zonal raciation event explains a homoplasy in the most parsimonious tree found by BrittonDavidian et al. A zonal raciation event would appear to be a reasonable alternative possibility given that the homoplasy (15.18) is shared between the neighboring races PSAN and PLDB and in the network PSAN is generated after a zonal raciation event involving PLDB.
The main purpose of this paper was to present a new methodology for reconstructing chromosomal phylogenies and not to provide a detailed consideration of the particular sequence of chromosomal evolution in particular situations. In a future paper, we will present a rigorous examination of the evolution of the chromosomal races of the common shrew in a biogeographical context. This will allow us to consider more carefully the biological realism of the results obtained by network analysis. However, in terms of minimizing number of evolutionary steps, we have already seen that the network method that we have generated has outperformed previous analyses. As we have already stated, evolution does not necessarily progress by the smallest number of steps, and there is clearly a number of ways those "steps" may be defined. Nevertheless, our method does generate a sensible null hypothesis of phylogenetic history of chromosomal forms, which can be modified according to special circumstances (e.g., peculiarities of local geography). In this study, we have used the network approach to examine karyotypic relationships involving Rb fusion, Rb fission, and WARTs as mutational processes and 2 types of zonal raciation (following acrocentric and recombination peaks) that may occur in systems with those mutations. We have applied the approach to the common shrew and house mouse and set up parameters that we believe to be reasonable. However, the model we have generated is very flexible. Different geographical constraints can be applied, which may be different for zonal raciations versus Rb mutations/WARTs. Starting races can be modified based on other information regarding the ancestral condition or depending on the scenario under consideration. If further information is available, certain aspects of the network can be enforced. For example, a race may be prevented from evolving until certain other races are present in the network.
Clearly, chromosomal evolution is not limited to whole-arm rearrangements such as Rb mutations and WARTs. For example, in Peromyscus, karyotypic diversity is generated by pericentric inversions, insertions, and deletions (Bowers et al. 1998) , whereas in lemurs, there are translocations, transpositions, fissions, and inversions, in addition to Rb mutations (Rumpler et al. 2008) . It should be relatively straightforward to incorporate other types of mutation such as these into our model. All that needs to be done is to modify the initial code where we create the graph linking karyotypes (see Fig. 3 ). First, we produce a list of possible karyotypes and, for each pair in that list, decide whether one can be reached from the other in one mutation step. Letters could be used to denote chromosome arms, and then numbers and symbols used to define the landmark order of each arm, so that with inversions, the codes a12b12 could be used to represent a karyotype with 2 chromosomes having the ancestral state. Races with inversions a21b12 and a12b21 could be reached in one step from this ancestral state, but a21b21 could not. For overlapping paracentric inversions found, for example, in Drosophila species (e.g., Schaeffer et al. 2003) , a1234 may be able to go to a2134 or to a3214, but a2134would be unable to mutate directly to a3214. For more complex systems, for example, including translocations, inversions, 274 SYSTEMATIC BIOLOGY VOL. 59 insertions, and deletions, a1234.b142 could represent a Rb fusion of acrocentric arms a and b, where arm a is in the ancestral state (1234) and where arm b has an inversion (1432) and a deletion (−3). This metacentric could then undergo an inversion, insertion, deletion, duplication, or WART event to generate a new karyotype. There is, in principal, no limit to the complexity of the model that can be considered as long as karyotypes can be coded and a set of rules produced defining the allowable transitions between them. The creation of the network of observed races would work in the same way and zonal raciation could be included or not depending on whether it was considered a possible mechanism in that study system.
Further work will aim to determine whether the problem of reconstructing a most parsimonious chromosomal network is non-deterministic polynomial-time hard (Bordewich and Semple 2007) . We will also evaluate a hill-climbing heuristic approach (Felsenstein 2003) to chromosomal phylogeny reconstruction including the full range of mutation and hybridization events. This could potentially remove the need for the a priori identification of ancestors, which would expand enormously the applicability of our method.
The program described in this paper is available to download from the Web site, www.durham.ac.uk /t.a.white, as "KaryoNet," a .zip file containing several Perl scripts and example data files.
